The aim of this study was to define the time structure of leg movements during sleep occurring with an intermovement interval (onset-to-onset) shorter than 10 s in patients with restless legs syndrome and controls, and to compare it to the structure of movements with intervals of 10-90 s or >90 s. Polysomnographic recordings of 141 untreated patients and 68 age-matched normal controls were analysed. All movements were detected and classified into three categories, separated by intervals of <10, 10-90 or >90 s. The number of movements included in each category was significantly higher in patients than in controls. The movements with an interval of >90 s occurred steadily during the night, whereas the hourly distribution of movements with intervals of <10 or 10-90 s was decreasing or bell-shaped in patients or controls, respectively. Movements with an interval of <10 s tended to have a shorter duration and constituted shorter sequences than movements with intervals of 10-90 or >90 s. The time structure features of the three categories of movements considered in this study were found to be clearly different. This, together with previous observations on the differential effects of dopamine agonists on movements with different intervals, suggests that movements with intervals of <10 and >90 s are regulated by neurotransmitter mechanisms different from those modulating movements with an interval of 10-90 s.
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IN TROD UCTI ON
During the past decade a detailed analytical approach, focused on the time structure of sleep-related leg movements (LMs) (Ferri, 2012; Ferri et al., 2006b) , has been introduced. This methodology disclosed the existence of categories of LMs during sleep that differ in their response to pharmacological challenges and association with different sleep disorders, including restless legs syndrome (RLS) (Ferri et al., 2006a (Ferri et al., ,b, 2009b Manconi et al., 2007 Manconi et al., , 2014 Montplaisir et al., 1997) .
Detailed analysis of the period (onset-to-onset) between consecutive LMs, generally named intermovement intervals (IMI), led to the identification of a clearly bimodal distribution in patients with RLS (Ferri et al., 2006b) . Although with a smaller amplitude the first peak, containing LMs separated by IMI <10 s, was also observed in young controls. The second peak was very prominent in RLS patients (Ferri et al., 2006b (Ferri et al., , 2009b Montplaisir et al., 1997) and, to some extent, also in patients with other disorders (Ferri et al., 2006a; Manconi et al., 2007 Manconi et al., , 2014 . Thus, the bimodal distribution suggested two distinct categories of LM IMIs, with the second containing the 'genuine' periodic LMs during sleep (PLMS), i.e. those actually periodic (Ferri et al., 2006b) . Additionally, a third category of infrequent LMs could be identified as those with IMI >90 s (Ferri et al., 2006b ).
For the above reasons, an alternative method has subsequently been proposed to score PLMS, restricting the criterion of the IMI range to 10-90 s (Ferri et al., 2015b (Ferri et al., , 2016 .
Little attention has been dedicated, so far, to short-interval LMs with IMI <10 s or to LMs with IMI >90 s. The available evidence indicates that short-interval LMs are not acutely responsive to dopamine agonists Manconi et al., 2008) , suggesting that their particular distribution might reflect a specific underlying anatomophysiological mechanism. Short-interval LMs represent the main LM activity recorded during quiet wakefulness in adult subjects with RLS, during sleep in children with RLS (Ferri et al., , 2013a or other disorders (Ferri et al., 2009a) , and both during quiet wakefulness and sleep in healthy controls . Interestingly, the distribution of time intervals between consecutive bursts of tibialis anterior electromyography (EMG) during non-rapid eye movement (NREM) sleep also has a mode of <10 s in healthy mice and rats (Silvani et al., 2015) .
The aim of this study was to analyse whether the organization in sequences, the occurrence rate during the night and the duration of short-interval LMs during sleep differ from those of LMs with IMI 10-90 or >90 s in adult RLS patients and healthy control subjects.
SUBJEC TS A ND MET HODS Subjects
For this study we collected, retrospectively, RLS patients who had participated in previous studies published by our groups (Ferri et al., 2006b (Ferri et al., , 2013b (Ferri et al., , 2015b Manconi et al., 2011a Manconi et al., ,b, 2012 . The diagnosis of RLS was made in agreement with the International RLS Study Group (Allen et al., 2003 (Allen et al., , 2014 in each patient using a semi-structured clinical interview, with a careful exclusion of eventual mimics. Routine blood tests, neurological examination, EMG and electroneurography of the lower limbs were also normal. The sleep respiratory pattern of each patient was assessed, and subjects with apnea-hypopnea index >5 were not included.
Drug-free control subjects were also identified similarly and included into this study; they were screened to exclude those with any current or previous symptoms suggestive of RLS. Control and RLS subjects were excluded if they had any other significant sleep disorder(s), major mental illness, cognitive problems, any history of neuroleptic-induced akathisia or use of any neuroleptic in the past year.
The original studies were approved by the local ethics committees and all subjects had provided informed consent before entering the study.
Polysomnographic sleep recording
Each subject underwent a sleep laboratory polysomnographic full night recording, after an adaptation night. Subjects were allowed to sleep until their spontaneous awakening in the morning.
The following signals were recorded: electroencephalogram (EEG) (at least three channels, one frontal, one central and one occipital, referred to as the contralateral earlobe); electro-oculogram (EOG) (two channels), EMG of the submentalis muscle and of both tibialis anterior muscles and electrocardiogram (ECG) (one derivation). EMG signals, in particular, were band-pass-filtered digitally at 10-100 Hz, with a notch filter at 50 Hz.
At the beginning of each session and before the start of recording, the sleep technician checked that the amplitude of the EMG signal from the two tibialis anterior muscles was below 2 lV at rest.
Sleep scoring and detection of leg movements
Sleep stages were scored visually following standard criteria on 30-s epochs (Berry et al., 2016) . LMs during sleep were detected following standard criteria (Zucconi et al., 2006) .
We computed the total number of LMs during sleep and the standard PLMS index (Zucconi et al., 2006) as well as a new alternative PLMS index, which considers only regular sequences of at least four LMs separated from each other by 10-90 s (Ferri et al., 2015b) , and the corresponding periodicity index (Ferri, 2012; Ferri et al., 2006b ).
Analysis of the LM sequences
For this new analysis we considered all LMs during sleep, irrespective of whether or not they were classified as periodic. Monolateral and bilateral LMs, according to the WASM/ IRLSSG scoring rules (Zucconi et al., 2006) , were considered as single LMs constituting the sequences analysed subsequently.
We then classified each LM as belonging to three separate categories: short-interval LMs separated by IMI <10 s from the preceding LM, LMs separated by IMI 10-90 s from the preceding LM and LMs separated by IMI >90 s from the preceding LM. This classification allowed the identification of sequences: when a single interval belonging to one of the above categories was found, not followed by another of the same category, a sequence of two movements was identified; if two consecutive intervals belonging to the same category were found, then a sequence of three movements was identified, and so on. This also implied that a single movement might end one sequence and start another, formed by a different interval category. For this reason, these movements were counted twice, being the end of one sequence and the beginning of another. This apparent data inflation was necessary in order to maintain our analysis free from any predetermined definition of sequences and to allow the data to drive the results freely.
Because the number of analysed LMs differed widely between subjects, results are reported based on weighted summary statistics giving equal weight to each subject, whenever possible, by computing data for each subject first and then averaging across subjects. 
Statistical analysis of LM sequences
Student's t-test for independent or paired data sets was used, as appropriate, followed by Bonferroni's correction for multiple comparisons. For the differences in the percentage distribution of LM sequences, within and between the two groups of subjects, Gini's dissimilarity index was used (Gini, 1965) . This index can range between 0 and 1 (or 100) and represents the proportion (or percentage) in each group which has to be reallocated to provide the same distribution as in the other group. Low values indicate similarity in the distribution of proportions, while high values indicate substantial difference. Curve fitting was performed with the following functions: linear, symmetrical sigmoidal, asymmetrical sigmoidal, rectangular hyperbola, exponential, half-life exponential, proportional rate exponential, power curve, Gaussian and half-Gaussian; the function yielding the best significant goodness of fit was selected for analysis.
RESUL TS
We included 141 subjects with RLS (78 females and 63 males) with a mean age of 55.2 years [standard deviation (SD): 14.26] and 68 normal controls (38 females and 30 males) with a mean age of 52.9 years (SD: 18.91); age was not statistically different between the two groups (t = 0.979). The mean International RLS Study Group Severity Scale score of RLS subjects was 25.4 (SD: 5.36).
As expected, LMs (total leg movement activity) and PLMS occurrence rate were significantly higher in RLS patients than in normal controls (Table 1) . Moreover, also LMs with short IMI (<10) and long IMI (>90) were represented more in RLS.
The occurrence rate of LMs with IMI 10-90 s in RLS patients was clearly higher in NREM sleep than in REM sleep (t = 11.411, P < 0.001), while this difference was not significant in controls. The occurrence rate of LMs with IMI <10 s was also slightly higher in NREM than in REM sleep in RLS patients (t = 3.412, P < 0.001), but not in controls. The occurrence rate of LMs with IMI >90 s was significantly lower in NREM than REM sleep in both RLS patients and controls (t = 3.959, P < 0.001 and t = 4.478, P < 0.001, respectively).
In RLS patients, the occurrence rate of LMs with IMI <10 s showed only a very small progressive decrease during the night, while the occurrence rate of LMs with IMI 10-90 s followed a much more evident decreasing trend throughout the night, being highest during the first hours of the night and lowest during the last hours (Fig. 1) . However, it should be noted that the percentage decline was somewhat similar in these two IMI categories. The occurrence rate of LMs with IMI >90 s was stable during the night. Also in controls, the hourly distribution of LMs with IMI <10 s and, particularly, that of LMs with IMI 10-90 s were bell-shaped. The occurrence rate of LMs with IMI >90 s in control subjects was also stable during the night.
LM sequence structure RLS patients had a significantly higher number of sequences of short IMI (<10 s) LMs than control subjects (Table 2 ). In RLS, only 3.6% of these LMs were organized in regular sequences of at least four LMs, and 4.3% in controls. Overall, the percentage contributions of different sequence lengths to the total LMs with IMI <10 s was very similar between the two (Fig. 2) , with a very low dissimilarity index of 0.055. In both groups, the distribution of the percentage of sequences of different length was best fitted with a half-Gaussian function. The goodness-of-fit analysis yielded R 2 = 0.9998, F = 9286 and P = 2.184 À11 in RLS patients, and R 2 = 1, F = 73810 and P = 4.353 À14 in controls.
The average total number of LMs sequences with IMI 10-90 s was also significantly higher in RLS patients. The percentage of sequences formed by only two LMs was significantly lower in RLS patients than in controls; however, the percentage of the sequences formed by five or more LMs was significantly higher in RLS patients (40.5 versus 12.9%). Accordingly, the dissimilarity index between these two distributions was 0.293, indicating that almost one-third of entries from one group needed to be relocated to match the distribution of the other group. In this case, it was not possible to fit the distribution of the percentage of sequences of different length with a half-Gaussian function in RLS patients [R 2 = 0.52, F = 2.241, not significant (NS)]; conversely, this was possible in controls (R 2 = 0.9889, F = 178.9 and
The total number of sequences formed by LMs with IMI >90 s was also higher in RLS patients, with some differences, especially for sequences formed by only two LMs (higher in RLS patients) and those formed by ≥ 10 LMs (higher in controls). The dissimilarity index between these two distributions was 0.167. Again, a half-Gaussian function fitted these distributions (R 2 = 0.992, F = 242.9 and P = 0.0000012 in RLS patients, and R 2 = 0.984, F = 123.8
and P = 0.0000087 in controls). The distribution of LMs with IMI 10-90 s was clearly different from the other two in RLS patients in particular (Fig. 2) ; this difference was reflected by the relatively high values of the dissimilarity index (0.522 versus LMs with IMI <10 s and 0.306 versus LMs with IMI >90 s). In controls, the difference between the distribution of LMs with IMI 10-90 s and the other two distributions was much less evident (0.190 versus LMs with IMI <10 s and 0.164 versus LMs with IMI >90 s). Nonetheless, in both patients and controls, the percentage of total sequences formed by only two LMs was highest for LMs with IMI <10 s, indicating that LMs sequences with IMI <10 s tended to be shorter than the other categories.
LM duration
No differences were found between patients and controls for the duration of LMs with IMI <10 s and forming sequences of different length (Table 3 ). Some differences were found for LMs with IMI 10-90 s, which tended to be shorter in controls than in RLS patients, especially when included in long sequences. Also, LMs with IMI >90 s tended to be longer in RLS patients; statistical significance was obtained only for movements forming sequences of only two LMs.
When the duration of LMs with IMI <10 s was compared with that of LMs with IMI 10-90 s within the same group of subjects, it tended generally to be shorter in RLS patients only for LMs in sequences formed by two, three and four LMs (Bonferroni corrected P < 0.001). All the other within-group comparisons in RLS patients and normal controls were not statistically significant after Bonferroni correction.
DI SCUSSION
In this study we demonstrate clearly that the organization in sequences of LMs with IMI <10 s is definitely different from that of LMs with IMI 10-90 s, which exhibit a clear-cut periodicity in their time structure (Ferri et al., 2006b; Rummel et al., 2010) . In this respect, while the most frequent sequence was formed by just two LMs with IMI <10 s, this happened much less frequently for LMs with IMI 10-90 s. These data might have repercussions in the definition of PLMS sequences that, following the current criteria (Berry et al., 2016; Zucconi et al., 2006) , need to be formed by at least four consecutive LMs separated by 5-90 s. Interestingly, short-interval LMs are also represented mainly by minimal sequences of two LMs in mice and rats (Silvani et al., 2015) , suggesting that this property is highly conserved among species.
The percentage distribution of different-length sequences of LMs separated by IMI <10 s could be modelled most clearly with a half-Gaussian function in both groups of subjects. It also showed clearly the aspect of a half-Gaussian (also known as folded normal) distribution, which is the distribution of the absolute value of a random variable with a normal distribution and mean = 0. This type of function is used generally to model a wide variety of random phenomena, and seems to support the idea that the time structure of LMs with IMI <10 s is also essentially random. At a speculative level, the sequence organization of LMs suggests the existence of a mechanism for periodicity (tendency to cluster in long sequences) for LMs with IMI 10-90 s, while sequences of LMs with IMI <10 s seem to be explained more clearly by a random process.
It is interesting to note that the structural differences highlighted in this study parallel the already reported functional differences between these two categories of LMs during sleep in RLS patients. We have shown previously that LMs separated by IMI 10-90 s respond promptly and dramatically to the administration of a low dose of dopamine agonist (Manconi et al., , 2011a , while LMs with IMI <10 s do not . LMs with IMI 10-90 s are not modified (acutely) by GABAergic medications such as benzodiazepines, while the occurrence rate of short IMI (<10 s) LMs decreases up to 30%, although not significantly, after acute treatment with low-dose clonazepam . In patients with complete transverse spinal cord lesion, LMs with IMI <10 s seem to be almost absent, while the 10-90 s IMI LMs can be present, are suppressed by dopamine agonists and can be independent from cortical arousals (Ferri et al., 2015a) .
Moreover, the fact that the interval distribution of LMs with IMI <10 s during sleep resembles closely that of LMs recorded during quiet wakefulness in both RLS patients and controls suggests that short IMI LMs might be modulated by the same neurotrasmitters during wakefulness, arousals and sleep . From this perspective, it can be speculated that LMs with IMI <10 s might be correlated with the cortical arousal network and thus be sensitive to GABAergic agents, while the dopamine agonist-sensitive 10-90 s IMI LMs might originate inside the spinal cord and be modulated by supraspinal projections when the cerebrospinal pathways are preserved (Clemens et al., 2006) . These considerations might also provide some support to the hypothesis that LMs with IMI <10 s may have a role in the residual sleep disruption often reported by RLS patients treated successfully with dopamine agonists, which is supported objectively by persisting arousals (Montplaisir et al., 1996) , and increased NREM sleep instability (Ferri et al., 2010) . However, given the speculative nature of these considerations, we cannot exclude that other mechanisms 
